S ince 2008, chronic lower-respiratory diseases have been the third most common cause of death in the United
States 1 -the most prevalent of these being chronic obstructive pulmonary disease (COPD). The name COPD encompasses a complex range of traits associated with irreversible airflow obstruction. These include destruction of the lungs' alveoli (emphysema), excessive mucus production in the airways (chronic bronchitis) and defects in a process called muco ciliary clearance, in which cellular protrusions called cilia move mucus out of the lung, along with entrapped irritants. Initially thought to be a smokers' disease, many risk factors for COPD are now known, both environmental and genetic [2] [3] [4] . Writing in Nature Medicine, Cloonan et al. 5 reveal how one genetic risk factor, increased expression of iron-responsive element-binding protein 2 (IRP2), contributes to disease by modulating iron levels in organelles called mitochondria, ultimately affecting the ability of cilia to protect the lungs from environmental pollutants and pathogens.
Some smokers gradually lose lung function and develop COPD, whereas others do not 6 . Inherited deficiency of the α-1-antitrypsin protein has long been known 7 to significantly increase susceptibility to emphysema, although this accounts for no more than 10% of COPD cases 8 . In the 1990s, the development of tools for studying genetic variation stimulated investigation into additional genetic risk factors for COPD. Genome analysis of one group of families that had severe, early-onset COPD revealed several locations containing genes that contribute to disease risk 9 , including a region on chromosome 15 that contains the gene encoding IRP2 (ref. 10).
IRP2 is a key regulator of iron homeostasis in mammals, and exerts a wide range of effects by binding to messenger RNAs that encode proteins involved in iron metabolism. IRP2 expression is increased in people with COPD, although the relevance of this to disease progression has been unclear. In addition, smoking-related increases in lung iron content have been reported 11 . To investigate these observations further, Cloonan et al. modelled COPD in mice lacking IRP2, by chronically exposing the animals to cigarette smoke. After smoke exposure, these mice failed to develop many of the complications associated with COPD, including inflammation, emphysema and apoptotic cell death.
The authors went on to explore the mechanism by which IRP2 acts in COPD. High-throughput sequencing of the RNA bound to IRP2 in human cells indicated that this protein might control the function of mitochondria -the main source of cellular energy, and a key regulator of whether cells undergo apoptosis. Analysis of gene expression in human lung tissue, and in lung cells from mice lacking IRP2, further suggested that this protein regulates mitochondrial function in COPD. These findings are consistent with the known role of mitochondria in cellular iron metabolism 12 , and with the fact that mitochondrial dynamics are altered in COPD 13 . The authors next showed that exposure of mice to cigarette smoke raised mitochondrial iron levels, which in turn increased the activity of the protein cytochrome c oxidase (COX) -both of which lead to mitochondrial dysfunction ( Fig. 1) . Furthermore, genetic mani pulations that increase mitochondrial iron loading or reduce COX activity worsened or alleviated experimental COPD, respectively.
Finally, the researchers found evidence that targeting mitochondrial iron loading might provide therapeutic benefit in COPD. The drug deferiprone, which can bind to excess iron and block its effects in mitochondria,
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Ironing out smokingrelated airway disease
Lack of the protein IRP2 in mice prevents organelles called mitochondria from accumulating toxic levels of iron in response to smoke exposure. This discovery links environmental and genetic risk factors for a chronic lung disease.
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Figure 1 | Regulation of mucociliary clearance in chronic obstructive pulmonary disease (COPD).
Smoking increases the risk of COPD, during which airways in the lungs become obstructed by mucus. Cloonan et al. 5 report that expression of the iron regulatory protein IRP2 contributes to this process. Specifically, their data indicate that exposure to smoke leads to increased IRP2 levels, which promotes iron accumulation in mitochondria. This increased iron loading in turn increases the activity of the protein cytochrome c oxidase (COX), and, together, these factors lead to mitochondrial dysfunction in lung cells. Compromised mitochondrial function reduces the ability of cellular protrusions called cilia to perform their normal role in clearing mucus. The drug deferiprone, which blocks the toxic effects of excess iron in mitochondria, preserves ciliary function in smoke-exposed mice. maintained or reversed smoke-induced inhibition of mucociliary clearance in mice. Deferiprone has been approved for human use by the US Food and Drug Administration. However, although targeting the iron-loading pathway is of great interest, deferiprone has been associated with reduced white-blood-cell counts and increased risk of infection. These side effects could limit the drug's potential, particularly because periodic lung infections are a major cause of illness in people with COPD. Another limitation of Cloonan and colleagues' study is that it does not provide clear insight into how IRP2-mediated mitochondrial dysfunction contributes to specific COPDassociated traits. In fact, IRP2 and mitochondrial iron loading are associated with many COPD-related traits in smoke-exposed mice.
One particularly interesting aspect of the study is the apparently direct effect of iron loading and mitochondrial function on the ciliary activity required for mucus clearance. The beating of cilia requires substantial production of energy-carrying ATP molecules by mitochondria. However, I know of no previous reports of a direct association between mitochondrial iron levels and mucociliary clearance. Future studies should identify the cellular processes by which mitochondrial iron loading impairs human lung function. Also unexplored is the relationship between IRP2, cigarette-smokeinduced mitochondrial iron levels and cancer. The genetic region on chromosome 15 that harbours IRP2 has been repeatedly implicated in susceptibility to lung cancer 14 . It remains likely that many individual genes each contribute small components of risk to discrete COPD traits. Ultimately, a better understanding of the various risk factors, combined with improved clinical analysis of the traits in each patient, will help to identify the best possible, personalized interventions. Cloonan and colleagues' report represents just one chapter in our improved understanding of the interaction between the genetic and environmental risk factors associated with chronic lung disease. Nonetheless, it is an exciting chapter, because it reveals that smoke-induced mitochondrial iron loading has an unexpected role in COPD, which may serve as a bona fide therapeutic target. ■
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A close-up view of coupled molecules
Processes such as photosynthesis depend on the interplay between the electric dipoles of chromophore molecules. Yet these dipole-dipole interactions have not been visualized at the atomic level -until now. See Letter p.623
nteractions between the electric dipoles of molecules have a key role in many biological and photonic processes, but have been difficult to study at the atomic scale. On page 623 of this issue, Zhang et al. 1 report the optical properties of two individual molecules separated by a few nanometres, which they probed in real space using a method based on scanning tunnelling microscopy. The resulting highly resolved images provide an unprecedented visualization of the dipole-dipole interactions between the molecules.
Chromophores are a class of molecule that can absorb and re-emit visible light. The colour of the absorbed and emitted photons is intimately linked to the chemical structure of these molecules, but also depends crucially on their immediate environment. In this context, dipole-dipole interactions are key -they have a central role in photosynthesis, for example, transferring the energy harvested from sunlight by one molecule to another molecule that converts it into chemical energy.
Such intermolecular interactions can be viewed, to a first approximation, as an exchange of information mediated by electromagnetic waves. A fascinating consequence of this is that chromophore states may exhibit strong entanglement -a quantum phenomenon in which a group of objects must be considered as a whole to be understood, rather than as a sum of individual components -even when separated in space by several nanometres 2 . The optical properties of chromophores are therefore strongly influenced by the number, distance, arrangement or orientation of their neighbours. Determining the impact of these different parameters is highly desirable, both for fundamental reasons and for potential applications, but requires methods capable of manipulating and probing the optical properties of chromophores with atomic-scale resolution. Such resolution has been out of reach, even with the best optical set-ups 3 . Zhang and colleagues overcame this problem by using electrons, rather than photons, to excite the chromophores. Electrons can be confined to atomic-scale pathways using a scanning tunnelling microscope. In such experiments, an extremely thin metallic tip is brought towards a molecule deposited on a metallic surface. Electrons jump from the tip to the molecule when the separation reaches approximately one nanometre, thanks to a quantum effect called tunnelling. A few of these electrons (about 1 in 10,000) lose some of their energy during this process, causing light to be emitted. By precisely scanning the molecule with the tip, the spatial variation of the emitted light intensity can be visualized at a resolution that beats any all-optical approach.
This method was first used to obtain atomicscale optical maps of fullerene molecules (buckyballs) deposited on gold surfaces 4 . But the optical signal in those experiments was not directly related to the light emission (luminescence) of the molecules, because the direct contact between the fullerenes and the gold surfaces enabled electrons to relax from excited states through a mechanism that is faster than luminescence. This quenching of luminescence can be prevented by separating chromophores from the metallic substrate using a thin, electrically insulating layer of oxide -as reported in a pioneering paper 5 that provided the first evidence that electrons can be used to study single-molecule luminescence. Similar experiments have since been
